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Abstract 

A  new  type  of  anode,  a  Ni  framework  coated  with  Sm-doped  ceria  (SDC),  was  developed  for  direct  utilization  of  methane  fuel  in  low-temperature 
solid  oxide  fuel  cells  (SOFCs)  with  thin-film  SDC  electrolytes.  The  coated  SDC  was  prepared  with  an  ion  impregnating  method  and  the  electrolyte 
films  were  fabricated  with  a  co-pressing  and  co-firing  technique.  The  impregnating  process  produced  an  ideal  anode  microstructure  where  nickel 
particles  were  effectively  connected  and  uniformly  covered  with  nanosized  SDC.  This  anode  microstructure  was  believed  to  enlarge  the  triple¬ 
phase  boundaries  and  therefore  enhance  the  anode  performance.  The  cell  performance  was  much  higher  than  that  of  a  conventional  fuel  cell  with  a 
Ni-SDC  composite  anode.  In  addition,  the  performance  increased  with  impregnated  SDC  loading  up  to  a  maximum  at  20  mg  cm-2,  indicating  that 
the  coated  SDC  is  the  contributing  factor  for  the  enhanced  fuel  cell  performance.  Power  density  as  high  as  571  and  353  mW  cm~2  were  obtained 
at  600  °C  when  humidified  hydrogen  and  methane  were  used  as  fuels,  respectively.  The  stability  of  the  cell  also  increased  with  the  SDC  loading. 
No  significant  degradation  was  observed  for  anodes  coated  with  20  and  25  mg  cm-2  SDC.  This  verifies  that  the  coated  SDC  electrodes  are  very 
effective  in  suppressing  catalytic  carbon  formation  by  blocking  methane  from  approaching  the  Ni,  which  is  catalytically  active  towards  methane 
pyrolysis.  The  high  performance  of  this  anode  shows  high  promise  in  the  developing  field  of  direct  hydrocarbon  SOFCs. 
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1.  Introduction 

It  is  desirable  to  develop  solid  oxide  fuel  cell  (SOFC)  systems 
in  which  the  hydrocarbons  are  fed  to  the  fuel  cell  directly  without 
significant  amounts  of  water  or  oxygen  [1],  There  are  basically 
two  strategies  to  achieve  such  SOFCs.  The  first  involves  con¬ 
ventional  cermet  anodes.  Ni  cermet  anodes,  on  which  the  most 
advanced  SOFCs  are  based,  have  been  extensively  studied  for 
direct  utilization  of  hydrocarbons  [2],  Since  nickel  catalyzes  the 
formation  of  carbon,  which  rapidly  deactivates  the  fuel  cell,  the 
Ni-cermets  can  only  be  used  under  conditions  in  which  carbon 
does  not  form.  The  conditions  are  usually  restricted  to  ther¬ 
modynamically  stable  composition  and  temperature  regimes. 
However,  the  operation  still  requires  the  exercise  of  caution, 
given  that  carbon  can  form  catalytically  on  Ni  surfaces  and  the 
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carbon  formation  is  more  likely  to  be  related  to  kinetic  rather  than 
to  thermodynamic  considerations.  One  solution  for  avoiding 
carbon-deposition  problems  associated  with  Ni-based  anodes, 
is  to  replace  Ni  with  Cu  [3,4],  which  is  not  a  catalyst  for  carbon 
formation.  However,  Cu  is  not  a  good  oxidation  catalyst  and  has 
a  relatively  low  melting  temperature,  which  decreases  the  anode 
stability.  Further,  the  low  melting  temperature  of  copper  oxides 
makes  the  fabrication  procedures  typically  used  for  Ni-cermets 
impossible.  The  second  strategy  is  to  use  ceramic  materials, 
which  do  not  catalyze  carbon  formation.  Among  these  materials, 
highly  conductive  perovskites  have  received  much  attention  for 
direct  hydrocarbon  conversion  in  SOFCs.  For  example,  Tao  and 
Irvine  demonstrated  that  a  (Lao.75Sro.25)o.9Cro.5Mno.503  based 
anode  is  effective  for  3%  H2O  humidified  CH4  [5],  Doped  ceria 
is  also  used  as  a  ceramic  anode  for  direct  hydrocarbon  conver¬ 
sion.  Interesting  properties  have  been  primarily  demonstrated  by 
Steele  and  co-workers  for  ceria-based  anodes  in  direct  utilization 
of  methane  [6],  Further  work  has  shown  that  the  performance 
was  too  low  for  practical  considerations.  The  reason  is  most 
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likely  due  to  insufficient  electronic  conductivity  of  the  doped 
ceria.  Later  work  by  Marina  and  co-workers  has  shown  excellent 
performance  for  a  Gd-doped  ceria  anode,  which  is  10-15  |±m 
thick  with  an  Au-GDC  composite  layer  as  the  current-collector 
[7].  It  has  been  argued  that  this  anode  is  essentially  an  Au-GDC 
composite  with  Au  providing  the  electronic  conduction.  Never¬ 
theless,  it  does  imply  that  doped  ceria  is  an  excellent  catalyst  for 
electrochemical  oxidation  of  hydrocarbons. 

In  this  work,  an  alternative  anode  is  explored  for  direct  uti¬ 
lization  of  hydrocarbons.  The  anode  is  based  on  an  electronic 
conducting  framework  covered  with  doped  ceria.  Nickel  is  used 
as  the  framework  to  ensure  electronic  conduction  and  to  make 
the  co-firing  technique  applicable  to  SOFC  fabrication.  Doped 
ceria,  which  is  a  poor  catalyst  for  carbon  formation  and  a  good 
catalyst  for  electrochemical  oxidation,  is  used  to  coat  nickel 
to  block  hydrocarbon  from  accessing  to  Ni  surface.  Conse¬ 
quently,  the  catalytic  reaction  of  carbon  deposition  is  expected 
to  be  effectively  prevented  while  the  electrochemical  reaction 
is  likely  to  be  enhanced  since  a  large  ceria  surface  is  exposed 
to  the  hydrocarbon  fuels.  Here  we  report  such  an  anode  sys¬ 
tem  in  a  low-temperature  SOFC  using  a  thin-film  electrolyte  of 
Sm-doped  ceria  (SDC).  The  electrolyte  was  fabricated  with  a 
co-press/co-fire  technique.  SDC  was  coated  with  an  ion  impreg¬ 
nating  method,  which  has  been  recently  developed  to  introduce 
nanosized  oxides  into  a  SOFC  electrode  structure  at  relative  low 
temperatures  to  increase  the  electrode  performance  [8,9]. 

2.  Experimental 

SDC  (Smo.2Ceo.8O1. 9)  powders  were  prepared  using  a 
glycine-nitrate  method  as  described  elsewhere  [10].  A  solu¬ 
tion  containing  Sm3+  and  Ce4+  was  prepared  by  dissolving 
Sm(N03)3  and  CeiNH.^bfNCLL  in  distilled  water  with  a  molar 
ratio  of  Sm3+:Ce4+  =  1:4.  After  adding  glycine,  the  solution  was 
heated  till  self-combustion  occured.  The  resulted  ash  was  heated 
at  600  °C  for  2h  and  800  °C  for  4h  to  form  SDC  powders, 
which  were  used  in  electrolytes  and  electrodes.  NiO  and  SSC 
(Smo.sSro.sCoOs,  as  cathode)  powders  were  also  prepared  using 
the  glycine-nitrate  process.  Bi-layer  pellets  consisted  of  porous 
NiO-SDC  substrates  and  dense  SDC  electrolytes  were  fabri¬ 
cated  using  a  co-press  process  [11,12].  The  porous  substrates 
were  derived  from  NiO-SDC  powders  with  10wt.%  starch  as 
pore  former.  SDC,  with  10wt.%  in  the  oxides,  was  used  to 
enhance  the  bonding  between  the  substrate  and  electrolyte,  and 
to  increase  the  mechanical  strength  of  the  substrates.  The  bi¬ 
layer  was  co-fired  at  1250  °C  in  air  for  5  h  to  densify  the  SDC 
electrolyte.  The  thicknesses  of  the  porous  substrate  and  dense 


electrolyte  were  about  0.4  mm  and  35  pm,  respectively.  The 
diameter  of  the  fired  pellet  was  11.2  mm. 

The  porous  NiO-SDC  layer  was  then  impregnated  under  vac¬ 
uum  with  a  Sm(N03)3  and  Ce(N03)3  aqueous  solution  where 
the  Sm-Ce  ratio  was  1 :4.  After  drying,  the  pellet  was  calcined 
at  800  °C  for  2  h  to  form  SDC  oxide.  The  loading  of  SDC  was 
determined  by  weighing  the  samples  before  and  after  the  impreg¬ 
nating  process.  The  impregnation  and  calcination  cycle  was 
repeated  to  increase  the  SDC  loading.  A  loading  of  15  mg  cm'2 
required  five  cycles,  while  nine  cycles  resulted  in  25  mg  cm-2. 
The  impregnated  SDC  loading  at  different  cycles  is  listed  in 
Table  1,  where  the  porosity  and  SDC  volume  fraction  are  also 
shown.  The  porosity  was  measured  by  the  Archimedes  method. 

After  impregnation,  cathode  slurry  consisting  of  SSC-SDC 
having  a  weight  ratio  of  7:3  and  a  binder  was  applied  to  the 
electrolyte  to  form  a  single  cell.  The  cell  was  then  sealed  in  an 
alumina  tube  with  a  glass  sealant.  The  glass  sealing  as  well  as 
the  gas-tubing  system  were  gas-tight  as  checked  with  a  gas  chro¬ 
matograph  (GC9750,  Fuli).  Two  silver  wires  were  attached  to  the 
anode  and  cathode  with  a  silver  paste  (DAD-87  from  the  Shang¬ 
hai  Research  Institute  of  Synthetic  Resins).  Electrochemical 
characterizations  were  performed  at  600  °C  under  ambient  pres¬ 
sure.  Humidified  (3%  H2O)  hydrogen  and  methane  were  used  as 
fuel  and  stationary  air  as  oxidant.  The  current-voltage  curves  and 
stability  were  obtained  using  a  potentiostat/galvanostat  (DJS- 
292,  SPSIC).  The  electrochemical  impedance  spectra  were  mea¬ 
sured  using  an  Electrochemical  Workstation  (IM6e,  Zahner) 
under  open  circuit  conditions  in  the  typical  frequency  range  from 
0. 1  Hz  to  100  kHz.  The  morphologies  were  characterized  with  a 
scanning  electron  microscope  (JSM-6700F,  JEOL). 

3.  Results  and  discussion 

3.1.  Cell  performance  with  hydrogen  as  fuel 

Shown  in  Fig.  1  are  the  cell  voltages  and  power  densities  at 
600  °C  as  a  function  of  current  density  for  the  cells  with  humidi¬ 
fied  (3%  H2O)  H2  as  fuel.  The  performance  of  the  different  cells 
in  terms  of  the  open  circuit  voltage  (Voc)  and  maximum  power 
density  are  summarized  in  Table  2.  VoCs  are  found  to  be  between 
0.881  and  0.902  V,  which  are  similar  to  typical  values  achieved 
for  SOFCs  with  ceria-based  electrolytes!  13, 14].  The  relative  low 
yoc  is  believed  to  be  due  to  the  mixed  ionic  and  electronic  con¬ 
duction  of  the  ceria  electrolyte  in  the  reducing  environment, 
not  caused  by  the  leakage  through  either  the  glass  sealant  or 
the  electrolyte  film.  The  fuel  cell  system,  including  the  seal¬ 
ing  material  and  electrolyte  film,  was  proved  to  be  gas-tight  by 


Table  1 

SDC  loading  and  porosity  ( p )  of  anodes 


Cell 

No.  of  loading 
cycles 

Impregnated  SDC 
loading  (mg  cm-2) 

Measured  p  before 
reduction  (vol.%) 

Measured  p  after 
reduction  (vol.%) 

Calculated  SDC  volume 
fraction  (vol.%) 

I 

0 

0 

30.5 

51.7 

5.8 

II 

5 

15  ±0.2 

20.6 

47.0 

9.9 

III 

7 

20  ±0.2 

19.7 

45.4 

11.2 

IV 

9 

25  ±0.2 

18.8 

43.6 

12.6 
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Fig.  1 .  Cell  potentials  (open  symbols)  and  power  densities  (solid  symbols)  as  a 
function  of  current  density  at  600  °C  for  cell  I  (square),  cell  II  (circle),  cell  III 
(triangle)  and  cell  IV  (star)  with  humidified  H2  as  fuel. 


analyzing  the  outlet  gas  from  the  anode  side  using  a  gas  chro¬ 
matograph  before  and  after  humidified  H2  was  applied  to  the 
cell.  In  our  previous  study  [15],  a  cell  based  on  an  SDC  elec¬ 
trolyte  had  achieved  a  maximum  power  density  of  49 1  mW  cm-2 
at  600  °C  when  humidified  hydrogen  was  used  as  the  fuel.  The 
electrical  output  of  cell  I  was  131  mW  cm- 2  lower  than  that 
of  the  previously  reported  performance.  Although  the  two  cells 
consisted  of  the  same  cathodes  and  electrolytes  with  identical 
thickness,  their  anodes  were  quite  different.  The  anode  in  the  pre¬ 
vious  study  was  derived  from  a  powder  comprised  of  35  wt.% 
SDC  and  65  wt.%  NiO  while  anode  of  cell  I  was  made  from 
10  wt.%  SDC  and  90  wt.%  NiO.  The  poor  performance  exhibited 
in  cell  I  was  possibly  caused  by  its  anode  microstructure  since 
the  anode  had  42.5  vol.%  Ni  and  only  5.8  vol.%  SDC,  resulting 
in  a  very  small  triple-phase  boundary  (TPB)  length.  Further,  it 
was  observed  that  the  maximum  power  density  increased  with 
increase  of  SDC  loading  in  the  anode.  For  example,  maximum 
power  densities  of  455  and  571  mW  cm-2  were  achieved  with 
cells  II  and  III,  respectively.  The  improvement  in  cell  perfor¬ 
mance  seems  to  be  due  to  the  microstructural  modification  of 
the  anode  by  SDC  impregnation.  Shown  in  Fig.  2  are  the  SEM 
pictures  for  the  anode  surface  and  cross-sectional  view  of  cell  III. 
For  this  cell,  20  mg  cm-2  SDC  was  impregnated  in  the  anode. 
It  can  be  seen  that  the  anode  consisted  of  Ni  particles  with  an 
average  size  of  about  1  p,m  and  the  Ni  particles  were  coated 
with  SDC  particles  of  submicron  size.  The  SDC  particles  were 
observed  to  be  distributed  uniformly  from  the  anode  surface  to 
the  anode-electrolyte  interface.  Therefore,  all  the  impregnated 


Table  2 

Open  circuit  voltages  (V0cs)  and  maximum  power  densities  at  600  °C  for  cells 
with  humidified  H2  and  CH4  as  fuel 


Cell 

h2 

ch4 

Voc  (V) 

Anax  (mW  cm  2) 

Voc  (V) 

A max  (mW  cm  2) 

I 

0.881 

360 

0.857 

254 

II 

0.886 

455 

0.890 

325 

III 

0.894 

571 

0.896 

353 

IV 

0.902 

398 

0.904 

260 

(b) 

Fig.  2.  SEM  micrographs  of  (a)  surface  and  (b)  cross-section  of  the  anode  for 
cell  III  after  testing. 


SDC  particles  were  connected  along  the  surface  of  the  Ni  parti¬ 
cles,  forming  a  pathway  for  oxygen  ion  conduction.  Eventually, 
the  TPB  was  extended  beyond  the  anode-electrolyte  interface 
where  the  electrochemical  oxidation  possibly  took  place.  Con¬ 
sidering  the  size  effect  of  the  small  SDC  particles  which  are  most 
likely  tens  of  nanometers,  the  TPB  is  further  enlarged,  resulting 
in  an  even  higher  activity  for  the  oxidation  reaction.  The  anodic 
interfacial  resistance,  Rd ,  was  characterized  using  the  electro¬ 
chemical  impedance  spectrum  technique.  Shown  in  Fig.  3  are 
the  impedance  spectra  of  cells  I  and  III  measured  under  open  cir¬ 
cuit  conditions  using  a  two-electrode  configuration  in  humidified 
hydrogen.  The  ohmic  resistances,  Rv,  measured  from  the  high- 
frequency  intercepts  with  the  real  axis  are  primarily  due  to  con¬ 
tributions  from  the  electrolyte  and  the  lead  wires.  The  interfacial 
resistance  of  the  cell,  R\,  determined  from  the  difference  between 
the  high  and  low  frequency  intercepts  with  the  real  axis,  is  a 
combination  of  the  anodic  and  cathodic  interfacial  resistances. 
Because  of  the  complexity  of  the  impedance  spectra  obtained 
with  an  anode-supported  cell  using  a  two-electrode  configura¬ 
tion,  it  is  difficult  to  separate  the  performance  of  one  electrode 
from  the  other  [16].  However,  Rd  can  be  estimated  by  subtract- 
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Fig.  3.  Impedance  spectra  measured  at  open  circuit  condition  for  cells  I  and  III 
with  humidified  hydrogen  as  fuel. 


ing  a  typical  SSC-SDC/SDC  interfacial  resistance,  which  is 
0.18  £2  cm2  at  600  °C  [10].  The  anode  area-specific  resistance 
(ASR),  Rd,  decreased  from  0.092  £2  cm2  forcell  I  to  0.059  £2  cm2 
for  cell  III.  However,  it  increased  to  0.093  £2  cm2  for  cell  IV.  It  is 
obvious  that  the  enhancement  of  cell  performance  was  mainly 
due  to  the  decrease  in  anode  ASR  as  an  effect  of  impregnating 
treatment.  However,  too  much  SDC  impregnation  in  the  anode 
caused  an  increase  in  the  ASR  and  consequently  resulted  in  poor 
cell  performance.  This  implies  that  thicker  SDC  coatings  on  the 
nickel  particles  in  the  anode  may  actually  block  the  gas  diffusion 
to  the  TPB  region  and  hence  reduce  cell  performance. 

3.2.  Cell  performance  with  CH4  as  the  fuel 

As  shown  in  Table  2,  the  Voc  for  cell  I  operating  with  methane 
was  0.857  V,  which  is  much  lower  than  0.943  V,  the  potential 
predicted  from  equilibrium  constant  for  full  electrochemical  oxi¬ 
dation  reactions: 

CH4  +  402-  =  C02  +  2H20  +  8e  (1) 

It  is  obvious  that  the  full  oxidation  equilibrium  was  not  achieved 
at  the  anode  of  cell  I.  The  measured  Voc  was  most  likely  a  mixed 
potential  or  one  with  the  H2/H2O  ratio  reflecting  the  amount  (or 
rate)  of  methane  being  cracked  [17].  SEM  investigation  showed 
that  the  anode  consisted  of  submicron  particles,  which  were 
essentially  Ni  particles  since  the  anode  comprised  42.5  vol.% 
Ni,  5.8  vol.%  SDC,  and  51.7  vol.%  pores  as  shown  in  Table  1. 
Therefore,  the  anode  had  a  large  amount  of  surface  area  exposed 
to  the  methane.  It  is  well  known  that  nickel  is  a  good  catalyst  for 
cracking  C-H  and  C-C  bond  and  has  been  used  to  catalyze  the 
formation  of  carbon  nanofibers  [18,19].  Under  these  conditions, 
methane  could  be  accelerated  to  crack  via  the  pyrolysis  reaction: 

CH4=C  +  2H2  (2) 

Therefore,  the  lower  VoC  observed  with  cell  I  is  possibly  due 
to  methane  cracking  on  the  surface  of  nickel.  Similar  effects  of 
fuel  equilibriums  at  anode  side  on  Voc  s  were  also  observed  for 
hydrocarbons  by  Gorte  and  co-workers  [20,21].  V0c  for  cells 
with  impregnated  SDCs  are  higher  than  that  for  cell  I,  ranging 
from  0.890  V  for  cell  II  to  0.902  V  for  cell  IV.  Although  the 
Vic  s  are  still  lower  than  the  theoretical  potential,  the  increase  in 
Voc  seems  to  be  an  indication  of  the  enhancement  in  direct  elec¬ 


Current  density  (mA  cm'2) 

Fig.  4.  Cell  potentials  (open  symbols)  and  power  densities  (solid  symbols)  as 
a  function  of  current  density  with  humidified  CH4  as  fuel  at  600  °C  for  cell  I 
(square),  cell  II  (circle),  cell  III  (triangle)  and  cell  IV  (star). 


trochemical  oxidation  of  CH4  as  shown  in  Eq.  (1).  In  addition, 
the  increase  in  Voc  may  imply  the  suppression  of  the  methane 
pyrolysis  reaction. 

The  cells,  impregnated  with  nanosized  SDC  in  the  anode, 
also  exhibited  enhanced  performance  when  methane  was  used 
as  fuel.  Shown  in  Fig.  4  is  the  cell  performance  when  CH4  was 
used  as  fuel.  The  performance  increased  with  the  amount  of  SDC 
impregnated  in  the  anode  up  to  its  maximum  of  20  mg  cm-2. 
With  20  mg  cm-2  SDC  in  the  anode,  cell  III  achieved  a  maxi¬ 
mum  power  density  of  353  mW  cm-2  at  600  °C  with  methane 
as  fuel.  The  observed  performance  enhancement  with  methane 
as  fuel  was  consistent  with  that  when  H2  was  used  as  fuel. 
Shown  in  Fig.  5  are  the  impedance  spectra  measured  under 
open  circuit  conditions  when  humidified  methane  was  used  as 
fuel.  The  anode  ASR  was  0.308  ST2  cm2  for  cell  I  in  which  there 
was  no  impregnation  of  SDC  in  the  anode.  It  decreased  with 
SDC  impregnation  in  the  anode  to  0.181  £2  cm2  for  cell  III. 
However,  the  ASR  increased  to  0.319  £2  cm2  for  cell  IV  where 
SDC  impregnation  higher  than  20  mg  cm-2 .  As  discussed  above, 
the  cell  performance  improvement  is  due  to  the  enhanced  TPB 
caused  by  the  impregnated  SDC.  It  is  also  due  to  the  high  cat¬ 
alytic  activity  of  ceria  toward  hydrocarbon  oxidation. 


Fig.  5.  Impedance  spectra  measured  at  open  circuit  condition  for  cells  with 
humidified  methane  as  fuels. 
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3.3.  Stability  of  cells  with  CH4  as  fuel 

The  stability  of  cells  operated  with  humidified  methane  as 
fuel  was  also  characterized  to  assess  the  effect  of  carbon  deposi¬ 
tion  on  cell  performance.  Fig.  6  shows  the  stability  of  the  differ¬ 
ent  cells  with  a  constant  voltage  load  at  600  °C  with  humidified 
methane  as  fuel.  Cell  I  decayed  rapidly  from  205  to  74  mW  cm-2 
within  7  h.  After  testing,  carbon  deposits  could  be  seen  on  the 
anode  surface.  This  serious  carbon  formation  was  predictable 
because  of  the  high  catalytic  activity  of  nickel  towards  methane 
cracking.  In  contrast,  stable  operation  over  a  50  h  period  was 
observed  for  cells  III  and  IV.  In  contrast  to  the  severe  degrada¬ 
tion  in  cell  performance  for  cell  I,  the  outputs  after  50  h  operating 
were  even  higher  than  those  achieved  initially.  No  visible  carbon 
was  found  on  the  anode  surface  of  those  two  cells.  Therefore, 
carbon  deposition  has  been  effectively  suppressed  in  cells  with 
SDC  impregnated  in  the  anode. 

It  is  well  known  that  carbon  deposition  is  formed  by  a  pyroly¬ 
sis  reaction  such  as  Eq.  (2)  and  the  disproportionation  of  carbon 
monoxide  such  as: 

2CO=C  +  C02  (3) 

which  is  thermodynamically  preferred  at  temperatures  above 
700  °C.  At  temperatures  below  650  °C,  carbon  deposition  is 
mainly  formed  via  the  pyrolysis  reaction.  But  the  reaction  rate  is 
very  slow  without  a  catalyst  such  as  Ni.  For  a  cermet  anode  pre¬ 
pared  with  conventional  ceramic  processing  techniques,  such 
as  anode  for  cell  I  and  those  reported  previously  [15],  nickel 
usually  has  a  volume  fraction  higher  than  30vol.%  to  meet  the 
percolation  limit.  And  the  volume  fraction  of  nickel  and  oxygen 
ion  conductor  phase  such  as  SDC  is  often  pretty  close.  There¬ 
fore,  about  half  of  the  anode  surface  area  is  occupied  by  nickel. 
For  example,  about  88%  surface  is  nickel  for  cell  I  and  60% 
for  the  cell  previously  reported  [15].  The  surface-seated  nickel 
is  believed  to  a  good  catalyst  for  fuel  oxidation  at  the  anode. 
However,  when  CH4  is  used  as  fuel,  nickel  is  also  a  good  cat¬ 
alyst  for  carbon  deposition,  which  should  be  avoided  in  SOFC 


Fig.  6.  Time  dependence  of  power  densities  for  cells  operated  at  600  °C  with  a 
constant  output  voltage  of  0.5  V. 


operation.  Although  pre-reforming  is  an  effective  way  to  over¬ 
come  this  problem,  in-situ  reforming  and  direct  electrochemical 
oxidation  at  the  anode  is  always  a  hot  topic  in  SOFC  research 
[3,22],  One  possible  way  to  avoid  carbon  deposition  is  to  cover 
Ni  particle  with  materials  inert  to  carbon  formation.  Here  we 
have  demonstrated,  for  the  first  time  that  the  cell  stability  has 
improved  significantly  when  methane  is  used  as  fuel  by  covering 
nickel  with  nanosized  SDC  using  the  impregnation  method.  No 
carbon  deposition  was  observed  after  operation  of  the  cell  with 
methane  as  fuel  for  50  h.  In  addition  to  its  function  to  prevent 
carbon  deposition,  the  nanosized  SDC  is  believed  to  be  catalytic 
active  for  CH4  oxidation.  Finally,  and  possibly  the  most  impor¬ 
tant,  the  coated  SDC  also  serves  as  an  oxygen  ion  conducting 
path  to  enlarge  the  TPBs  and  hence  increase  the  cell  perfor¬ 
mance  as  discussed  above.  It  should  be  noted  that  it  is  possible 
that  the  nickel  particle  is  not  fully  covered  and  unreachable  by 
CH4.  Therefore,  carbon  deposition  at  the  nickel  surface  is  pos¬ 
sible.  However,  the  available  nickel  surface  area  is  minimized, 
so  that  carbon  formation  would  occur  at  a  low  level.  The  small 
amount  of  carbon  can  be  removed  with  oxidation  at  the  anode 
[23]  and/or  with  H2O  which  is  formed  at  the  anode. 

4.  Conclusion 

We  have  demonstrated  that  an  anode-supported  SOFC  with 
a  modified  nickel-cermet  anode  running  directly  for  methane 
exhibits  good  cell  performance  and  long-term  stability  without 
carbon  deposition.  Nanosized  SDC  particles  were  coated  uni¬ 
formly  onto  the  nickel  particles  of  the  anode  using  an  ion  impreg¬ 
nation  method.  When  both  humidified  hydrogen  and  methane 
were  used  as  fuel,  the  anode  ASR  decreased  and  cell  perfor¬ 
mance  increased  with  the  SDC  loading  on  the  anode  through 
this  impregnation,  inferring  that  the  SDC  coating  on  the  nickel 
surface  could  effectively  increase  the  number  of  triple-phase 
boundaries.  The  cells  with  20  and  25  mg  cm-2  SDC  impregnated 
in  the  anode  were  operated  at  600  °C  for  50  h  without  obvious 
degradation  when  methane  was  directly  used  as  fuel.  This  indi¬ 
cates  that  carbon  deposition  has  been  effectively  suppressed. 
The  advantage  of  this  type  of  anode,  i.e.  a  Ni  framework  coated 
with  nanosized  doped  ceria,  is  that  it  shows  high  electrochemical 
activity  towards  hydrocarbon  oxidation  while  inhibiting  carbon 
formation  from  catalytic  pyrolysis. 
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